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The active agent of transmissible lysis of bacteria does not exhibit 
gradual diminution of its activity on serial dilution, but becomes at 
once totally ineffective as soon as dilution is carried beyond the point 
at which a  certain quantum of the agent is present.  This quantum 
(about  1  ×  10 -'0  cc.)  can not  be  subdivided by further dilution.  ~ 
In general, the investigators identify these quanta of activity as par- 
ticles present in  the active filtrates.  Some investigators, following 
d'Herelle, consider these particles to be autonomous living parasites; 
others, on the contrary, suggest that these particles may well be iden- 
tified with the colloids of the medium and may carry the active sub- 
stance merely by adsorption. 
Some time ago we made certain observations which seem to support 
the latter conception3  We found that when lyric filtrates were dia- 
lyzed through semipermeable membranes, only that portion of the 
active agent which is presumably carried by the smallest particles was 
capable of passing through the membrane, while the rest of the active 
agent failed to pass.  Similar results were obtained when ultrafiltra- 
tion under pressure was substituted for  simple dialysis.  Repeated 
washing of the residual fraction of the active agent with buffered water 
failed to carry it through the ultratilter.  However, when broth was 
substituted for water in washing, the active agent reappeared in the 
ultrafiltrate.  In view of our earlier observations concerning the effect 
of colloids on the filtrability of bacteria,  8  we carried out control experi- 
ments, which indicated however that a simple passage of broth through 
a new membrane similar to that used above apparently failed to in- 
crease its permeability.  Consequently the effect of broth in  causing 
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passages of phage in the above experiments was interpreted as indicat- 
ing that the addition of broth to the residue might have caused detach- 
ment (elution) of some of the active agent from the coarser particles 
and its adsorption on and passage with the finer particles of the broth. 2 
If this  phenomenon of detachment of the active  agent  from  the 
carrier particles could be definitely  proven, it would supply very weighty 
evidence against  the parasitic  nature  of bacteriophage.  It  seemed 
to us that if, by measuring the particles of the residue on the filter, the 
particles in the broth,  and the particles which go through the filter 
upon  addition  of  broth  to  the  residue  respectively, we  found  the 
changes in diffusibility to go hand in hand with changes in the size of 
carrier particles, then we would be able to verify the detachment of 
the active agent from its carrier particles.  Some time ago we found 
that the procedure employed by Northrop and Anson  4 for the determi- 
nation of particle size of carbon monoxide hemoglobin could be used to 
advantage in  measuring the size of particles  carrying the  phage.  5,~ 
This procedure consists in determining the rate of diffusion of the un- 
known substance through porous membranes, the diffusion constants 
of which were previously determined by measuring the rate of passage 
through them of such simple  substance with known diffusion coeffi- 
cient as hydrochloric acid. 
The diffusion coefficient "D"  is defined as the quantity of substance 
that will diffuse across a permeable plane of unit dimensions in unit 
time under unit concentration gradient or, as calculated by Einstein3 
(1)  D  =  JQ 
dc 
A  dt  -- 
dx 
By appropriate substitutions Northrop reduces this equation to the 
following :4 
(2)  D  =  K  Qcc. Cm? in which 
t day 
D  = Diffusion coefficient. 
K  = Diffusion constant of the cell. 
Q =  Cc.  of  substance  diffused expressed as  a  fraction  of  the  original 
concentration. 
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The relation between the diffusion coefficient and the radius of the 
molecule is found in the following equation devised by Einstein: 
RT  1 
(3)  D  ....  in which 
N  6~rr~ 
R  =  8.3  ×  l0  T erg  ×  deg. -r ×  mole-* 
N  =  6.06  X  10 l$  X  mole-* 
T  =  278 ° (for 5°C.) 
r  -- Radius of particle including water of hydration in cm. 
-  Viscosity of the solvent (water) at T 
-- 0.01519 gr. cm.-* sec. -I 
•  = 0.01519 erg sec. cm. -a 
If water is used as a solvent at 5°C. 
1.33  X  10  -13  erg deg. tool. cmY 
(4)  D  = 
r  erg deg. tool. era.  see. 
1.33  )<  10  -~* em3 
r  sec. 
1.148  X  10  "s cm.  2 
•  day 
1.148  X  10  -8 
r 
D 
Apparatus 
The cells used in diffusion experiments consisted of thin porous powdered glass 
discs  fused into glass  vessels  (Empire Laboratory  Supply  Company  Immersion 
filter No. 8022, size No. 1 or 2, porosity 5  -  7 or  <  7).  The porous  plate of each 
vessel was filled with rosin and ground down to a  thickness of less than  .5 ram. 
The rosin was then removed by chloroform.  To the open  end of each vessel was 
attached a piece of heavy walled rubber tubing into which  was fitted a glass stop- 
cock.  Three such cells were prepared.* 
Standardization of Cells 
Before using these cells it was necessary to determine the diffusion constant (K) 
for each cell.  The cells were thoroughly washed in dichromate cleaning solution 
and subsequently washed free of acid with distilled water. 
* During the course of the experiments two of these cells were broken and were 
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During the experiments the cells were held rigid in a vertical position by two 
adjustable clamps, so that the discs were perfectly horizontal as determined by 
mercury level. 
All operations, while standardizing the cells and later, while determining the 
diffusion rates in the actual experiments, were conducted in an air chamber kept 
at 5°C.  (4-  .5  °, per 24 hours).  All apparatus and solutions were cooled in this 
air chamber 18-24 hours before they were used. 
Exactly 0.1  •  HC1 was used in the standardization,  The:cells were washed 
several times with the HC1 and then filled with it.  The outside of each cell was 
then rinsed repeatedly with distilled  water and immersed in a beaker containing 30 
cc. of distilled water to such a depth that the end of the cell just made contact with 
the surface of the water without any capillary pull.  The beakers, each containing 
30 cc. of H20 were changed every 10 minutes and the amount of HC1 diffused 
was  determined by titration with N/100  NaOH  using phenol red as indicator. 
TABLE  I 
Diffusion of 0.i N HCl through the Porous Disks of the Various Cells 
Cell  Time  Amount of O. 1 N HC1 diffused 
days  ¢c. 
I  0. 00694  0. 065 
II  0.00694  0.013 
III  0.00694  0.045 
This procedure was repeated until titrations indicated that the rate of diffusion 
of the acid had become approximately constant.  This rate for each of the three 
cells is indicated in Table I.  Since the diffusion coefficient of HC1  at  5°C. is 
known  to be  1.85  cm.  2 per day,* therefore, the cell constants  as calculated by 
Equation 2 from the data presented in Table I  are: 
K  (Cell I)  ---  1.85 X  0.00694 =  0.1975 
0.065 
1.85 X  0.00694 
K  (Cell II)  --  =  0.9876 
0.013 
1.85 X  0.00694 
K  (Cell III)=  =  0.2853 
0.045 
In making  these  calculations the  amount  of acid in the vessel was 
taken  as remaining  constantt  since it was  found  in accordance with 
* Extrapolated by Northrop  4 from OhSlin's data. 
The measurements showed that less than 2 per cent of acid diffused during the 
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earlier observations of Northrop, 4 that the amount of acid diffused was 
not sufficient to appreciably change the value of "Q". 
After each series of  determinations  in  the  actual  experiments with 
organic materials,  the  cells were cleaned in dichromate, washed with 
distilled  water,  and  sterilized  by  autoclaving.  While  cleaning  and 
autoclaving the cells after the first series of determinations two out of 
three  cells used were broken.  The remaining  cell and  two new  cells 
were used in all the subsequent experiments.  However from this time 
on  to  avoid further  accidents  the  ceils were sterilized  by immersion 
into 70 per cent alcohol overnight instead of by autoclaving. 
The values of K  for the cells at this time were found to be: 
K  (Cell I  )  =  0.2038 
K  (Cell IV)  -- 0.1712 
K  (Cell V )  =  0.2140 
Frequent subsequent determinations of the values of K  for the cells 
showed  that  these  values  did  not  change  during  the  remaining 
experiments. 
EXPERIMENTAL 
(a) Preparation of Materials to be Tested 
In the experiments outlined below we have compared, by  the  procedure  just 
described,  the diffusion coefficients of the following preparations of phage (Table 
VI). 
Test Solution "A".  Crude  Broth Filtrate.--This  consisted of a culture of B. call 
in  1000 cc. of plain extract broth to which  "BW" bacteriophage was added  to 
cause complete lysis of bacteria.  The lysed culture was filtered through a Berke- 
feld (N) filter and thus represented an ordinary crude lyric filtrate.  The titration 
of this filtrate by the tenfold dilution method of Appelmans  8 indicated a phage 
titer of 10  -9 cc.  1 cc. of this filtrate was so diluted with sterile broth of the same 
lot as to bring its titer to 10 -4 cc. and in this condition it was used for determining 
its diffusion  coefficient. 
Test Solution  "B".  Ultrafiltered Phage.--Another  portion  (250  cc.)  of  the 
undiluted crude filtrate was subjected to ultrafiltration under a pressure of about 
700 mm. of mercury, through a sterile 7 per cent collodion  membrane deposited 
on the walls of an alundum thimble of 100 cc. capacity.*  The titer of bacterio- 
phage in the ultrafiltrate thus obtained was found to be 10 -~ cc. Of this ultrafiltrate, 
* The exact procedure used in the preparation of this membrane was described 
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25 cc. were diluted with 225 cc. of broth previously subjected to ultrafiltration 
through a similar 7 per cent collodion membrane,  This diluted ultrafiltrate was 
found to have a phage titer of 10 -4 cc. and in this condition was used for determina- 
tion of its diffusion coefficient. 
Test Solution "C".  Washings from Residue Suspended in Water.--The residue 
remaining in the ultrafilter in the preparation of the ultrafiltrate "B" was re- 
peatedly washed by diluting  it with 100 cc. Iiortions of sterile distilled water under 
a pressure 0 f 700 ram. of mercury,  As each new portion of water was placed into 
the thimble, the surface of collodion was gently swabbed with a  sterile cotton 
swab to secure a more thorough washing.  Each I00 cc. portion of the fluid which 
filteredthrough was collected into a separate sterile filter fla;sk and titrated for its 
phage content.  This procedure was repeated in all eight times and the phage titers 
of respective filtrates ob%~ned were:  10 --4 cc.; 10 -4 cc.; 10  -4 cc.; 10 -3 cc.; 10 -3 co.; 
10-3 cc.; 10  -2 cc.; 10 -2 cc.  The first two filtrates were discarded and the subse- 
quent six filtrates were mixed and the resulting mixture which was found to have 
a phage titer of 10 -4 cc. was used for determining the diffusion coefficient. 
Test Solution "D".  Washed Residue Suspended in Water.--The washed residue 
now remaining on the collodion membrane was suspended in 40 cc. of sterile dis- 
tilled water.  To remove any portion of the residue which may have adhered to 
the membrane a sterile cotton swab was employed.  The suspension of the residue 
thus secured was found to have a phage tite~ of 10  -9 cc.  A 0.1 cc. portion of this 
washed residue suspension was removed and so diluted with sterile distilled water 
as to give a phage titer of 10 -s cc.*  This diluted suspenskm was used for deter- 
mining the diffusion coefficient. 
Test Solution "E".  Ul#afiltrate from Residue S~spended in Diluted Ultrafiltered 
Broth.--Another portion (10 cc.) of the above washed residue suspension (phage 
titer 10  -9 cc.) was diluted with 30 cc. ofuttrafiltered broth (pH -- 7.2).  The mixture 
was thoroug.hly  shaken and after standing for  1 hour was further diluted with 
sterile distilled water to a volume of 250 co., thoroughly mixed, and immediately 
subjected to ultrafiltration through the same 7 per cent membrane as had been 
used in the preceding experiments.  The ultrafiltrate was collected under a pres- 
sure of 700 ram. of mercury and was found to have a phage titer of 10-4 co.  The 
diffusion coefficient of this ultrafiltrate was determined. 
( b  )  Diffusion Experiments 
Diffusion cells prepared  and standardized as  described  above were  washed 
several times with the phage solution and then filled with it.  The outside of the 
* The titer of this solution was made 10  -~ cc. instead of 10 -4 cc. as in the case of 
other  solutions because preliminary experiments had  shown  that  due  to  the 
relatively large size of particles present in this solution, the rate of diffusion was 
too slow to be measured accurately in the 30 minute period allowed for diffusion 
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cells was rinsed with a liquid of the same composition as that in the cells but free 
from phage.  30 cc. of the same liquid were placed into a sterile beaker and the 
diffusion ceils were dipped into this liquid exactly as described above in the experi- 
ments with HC1.  The diffusion of the phage was continued  for 30 minutes and 
at the end of this time the amount of phage diffused was determined by titration 
of the outer liquid.  Sixteen consecutive 30 cc. samples of diffusate were obtained 
from each cell.  It was found by tit: ation of these that the rate of diffusion becomes 
approximately constant  by  the  end  of the  second hour.  For  this  reason  the 
phage titer of the first four samples were not considered and only the results of 
titration of the remaining twelve samples were used in calculating the  average 
titer of the diffusate.* 
To minimise the experimental error, the rate of diffusion of each test solution 
was measured by means of each one of the three cells and the entire determination 
was repeated at least twice.  Thus in each instance the figures indicating the total 
number of phage units present in the diffusates (Table VI, Col. 5) used in  the 
subsequent calculation of diffusion rates (Table VI, Col. 9) represented an average 
of at least six separate determinations in each of which the titer represented an 
average of titrations of twelve consecutive portions of diffusate. 
(c)  Titration of Diffusates 
To determine the total number of units of phage present in each 30 cc. sample of 
diffusate (see Table VI, Col. 5) each solution was thoroughly mixed by repeated 
aspiration with a pipette and then increasing amounts of this solution were placed 
in tubes (see Table II). 
Since many of these solutions were highly diluted with distilled water, whenever 
necessary sufficient amounts of 5 per cent broth were added to each tube  to bring 
the final concentration of broth in all tubes to 1 per cent.  The total volume in 
each tube was then made up to 10 cc. by the addition of 1 per cent broth and the 
contents were inoctfiated with 0.1 cc. of a suspension of B. coll containing about 1 
X  109 of organisms per cc.  Preliminary readings were made at the end of 24 and 
48 hours of incubation at which time final transfers were made and the results 
read after 4 and again after 18 hours.  I  The amount of test solution present in 
the last tube of the uninterrupted series showing lysis was taken as indicating the 
presence of one unit of phage.  The titration of Test Solution E is given below in 
detail as an illustration of this procedure. 
Example of Titration of Test Solution E.--Sterile diffusion cells (I, IV, and V) 
* Before beginning the actual experiments each test solution was subjected  to 
a preliminary diffusion test using one cell.  This was made in order to locate the 
approximate range in which the titrations of diffusates will fall and where necessary 
the test solutions were so diluted as to bring the titrations in all cases within a 
comparatively  narrow  range  and  thus  facilitate  the  carrying  out  of  final 
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were filled with Test Solution "E" and the outside surface was repeatedly washed 
with a liquid consisting of twelve volumes of ultrafiltered broth and eighty-eight 
volumes of  distilled water.  The  diffusion  ceils were  leveled and  dipped  into 
beakers each containing 30 cc. of the same liquid.  Diffusion was allowed to pro- 
ceed for 30 minutes, at which time the beakers were removed for titration and 
another  set  of beakers with fresh solution was substituted.  This procedure was 
repeated for sixteen consecutive periods of 30 minutes each.  The first four diffu 
sates obtained from each of the three diffusion cells were discarded and the remain- 
TABLE  II 
De~ail of the Titration  of Diffusates  of Cell I* 
tube  number ...... 
Amount  of  diffus- 
ate in co.. 
Time o[ sampling 
]~r$, 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
1  2 
1  0.9 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
+  + 
3 
0.8 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
4  i  5  6  7 
'i 
0.7  0.6  0.5  0.4 
+  +  +  + 
+  +  +  - 
+  +  +  - 
+  +  +  + 
+  +  +  + 
+  +  +  + 
+  +  +  + 
+  +  +  + 
+  +  +  - 
+  +  +  + 
+  +  +  + 
+  +  +  + 
8  9 
0.3  0.2 
+  - 
+  - 
+  - 
I0 
0.I 
I 
Volume ot 
diffusate 
contalnini 
1 unit of 
phage 
0.4 
0.5 
0.5 
0.3 
0.4 
0.4 
0.3 
0.3 
0.5 
0.4 
0.4 
0.4 
Average ............................................................  0.4 
* +  =  lysis. 
-  =  no lysis. 
ing  twelve diffusates  were  titrated  as  shown  in  Table II.  The data  recorded 
in this  table were obtained from titration of diffusates of Cell I.  Diffusates from 
Cells IV and V were titrated in a similar manner, and the results of these titrations 
are recorded in Table III. 
As was  to  be  expected,  the indicating  tube  was not  the  same in  all  twelve 
titrations of diffusate  (Table II), because of the fact that bacteriophage is dis- 
tributed in the medium in the form of particles as has been fully discussed in an 
earlier paper,  z  It is for this  reason  that  for calculations an average of twelve D.  M. /:IETLER AND  J.  BRONFENBREIN'NER  555 
titrations  was used.  The limits  of  error  which may arise  from such  a procedure, 
however,  would account  only  for  a  fraction  of  difference  in  the  diffusion  coefficients 
TABLE  III 
Complete Results of Titration of DiJusates of Test Solution "E" 
1st Experiment  2nd Experiment 
Amounts of diffusates containing 1 unit  Amounts of diffusates containing 1 unit 
Time of sampling  of phage in co.  of phage in cc. 
Cell V  Cell I 
]~f$. 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
Average  of  twelve 
titrations  ........ 
Cell I  Cell IV 
0.4  0.3 
O.5  O.2 
0.5  0.3 
0.3  0.4 
0,4  0.2 
0,4  0.3 
0.3  0.3 
0.3  0.4 
0.5  0.3 
0.4  0.4 
0.4  O.4 
0.4  0.3 
0.5 
0.5 
0.3 
0.4 
0.3 
0.5 
0,4 
0.4 
0.3 
0.4 
0.5 
0.4 
Cell IV  Cell V 
0.4  0.2 
0.4  O.4 
0.3  0.2 
0.4  0.3 
0.5  O.4 
0.3  0.4 
0.4  0.3 
0.5  0.2 
0.3  0,4 
0.4  0,4 
0.4  0.4 
0.3  0.3 
0.3 
0.3 
0.4 
0.4 
0.3 
0.5 
0.4 
0.5 
0.4 
0.5 
0.3 
0.4 
0.4  0.32  0.41  0,38  0.33  0.39 
TABLE  IV 
Preliminary  Titration  of Test Solution  "E"  (in Sextupllcate)* 
tube number ............  ]  1  2  3  4  5 
rotal amount of test solutlon 
E  in each tube  ..... 
~mount of test solution E  in 
each cc ..... 
a 
b 
Repeated ti-  c 
trations  d 
e 
f 
l 
* +  --- lysis. 
--  ~  no lysis. 
lO-I CC. 
10-2CC. 
+ 
+ 
+ 
+ 
+ 
+ 
lO~cc. 
10--acc. 
+ 
+ 
+ 
+ 
+ 
+ 
10  -a cc. 
10  -4 cc. 
+ 
+ 
+ 
+ 
+ 
+ 
10-~ cc,  I0  -~ CC. 
i0-~ Cc. 
+ 
+ 
+ 
+ 
+ 
I0  ~  cc. 
B 
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actually observed in comparing the test solutions (B), (C), (D), and  (E)  (See 
Table VI) as the calculations on one of the substrata (E) will show. 
For  Cell I  (whose  constant K  =  0.2038)  the average amount of 
diffusate containing 1 unit of phage was found to be 0.4 cc. (Table II) 
or in each 30 cc. sample of this diffusate there were 75 units of phage. 
Since, as will be shown later (Table VI, Col. 6), 1 cc. of original Solu- 
tion  E  contains  25,000  phage  units,  the  "Q"  in  this  instance  is 
75/25,000  =  0.003. 
TABLE  V 
Final  Titration  of  Test  Solution  E  (in  Sextuplicate) 
Tube number ....... 
Amount  of test solu-  I 
tlon E in cc  ....... ! 
Absolute  amount of 
solution  E in ce... 
R 
Repeated  b 
C 
titra-  d 
tions 
e 
f 
2 
0.9 c( 
0.9 ) 
10-~ 
3 
0,8 cc. 
0.8 X 
10-4 
+ 
+ 
+ 
+ 
4 
0.7 cl 
0.7  ) 
10-4 
+ 
+ 
5 
0.6 cc. 
0.6 X 
10-4 
6 
0.5 o 
0.5 ) 
10-4 
+ 
+ 
7 
0.4 cc. 
0.4X 
10-* 
+ 
8 
0.3 c~ 
0.3 ) 
10--4 
+ 
9 
0.2  cc. 
0.2 X 
10~t 
lO 
o.I  cc. 
IO~ 
(a)  Using this value in equation (2), the diffusion coefficient of this 
solution will be: 
K  Q  cc.  crn.  ~  0.2038  X  0,003 
D  =  =  0.0294 cm.  2 per day. 
t  day  0.0208 
(b)  Should the volume of diffusate containing 1 unit of phage have 
been 0.3 cc. instead of 0.4 cc., each 30 cc. sample would have contained 
100 units and consequently "Q" would have been 100/25,000  =  0.004 
and the diffusion coefficient would have been 
0.2038  X  0.004 
D  0,0208  =  0.0392  cm3 per day, D.  M.  HETLER  AND  J.  BRONFENBRENNER 
TABLE  VI 
Results  of  Diffusion  Experiments 
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1  2  3  4  5  6  7  I  8  9  10  11 
Total  Fraction  Average  Average 
Test  Trial  Cell  Cell  units ot  Units of  of phage  Diffusion  diffusion  radius of  rate as  rate of  particle as 
phage  phaget  cc. olin  Columndiffused5 Time  calculated  test  calculated 
solu-  hum-  number  con-  in 30 cc,  test  by equa-  solution  by equa- 
tion  bet  stant  of dif-  solution  Column 6  tion (2)  tiou (4) 
fusate  (Average  in miUi- 
(K)  (Q)  (t)  (D)  D)  microns 
A  1 
1 
1 
2 
2 
2 
B  1 
1 
1 
2 
2 
2 
C  1 
1 
1 
2 
2 
2 
D  1 
1 
1 
2 
2 
2 
days 
I  0.2038  88  33,300  0.00264 0.0208  0.02586 
IV  0.1712  100  "  0.00300  "  0.02469 
V  0.2140  86  "  0.00258  "  0.02654 
I  0.2038  88  "  0.00264  "  0.02586 
IV  0.1712  103  "  0.00310  "  0.02551 
V  0.2140  86  ~  "  0.00258  "  0.02654 
I  0.2038  100  12,500  0.00800 0.02080.0784 
IV  0.1712  136  "  0.01090  "  0.0895 
V  0.2140  94  "  0.00752  "  0.0774 
I  0.2038  97  "  0.00776  "  0.0760 
IV  0.1712  120  "  0.00960  "  0.0790 
V  0.2140  104  "  0.00832  "  0.0856 
I  !0.1975  205  10,000  0.0205  0.0208  0.1948 
II  10.9876  4t  "  0.0041  "  0.1946 
III  ]0.2853  133  "  0.0133  "  0.1820 
I  !0.1975  200  "  0.0200  "  0.1943 
II  9.9876  40  "  0.0040  "  0.1875 
III  3.2853  150  "  0.0150  "  0.2010 
I  3.2038  100  I00,O00  0.001000.020~[0.009798 
IV  !0.1712  120  :,'  0.00120  "  !0.009876 
V  ]0.2140  97  0.00097  "  0.009998 
I  3.2038  103  "  0.00103  "  0.010090 
IV  9.1712  120  "  0.00120  "  !0.009876 
V  9.2140  103  "  0.00103  "  C).010600 
I  D.2038  75  25,000  0.003000.0208  0.0294 
IV  0.1712  94  "  0.00376  "  0.0309 
V  0.2140  73  "  0.00296  "  0.0302 
I  0.2038  79  "  0.00316  "  0.0309 
IV  ).1712  91  "  0.00364  "  0.0299 
V  0.2140  77  "  0.00308  "  0.0316 
E  1 
1 
1 
2 
2 
2 
0.02583  4.4 
0.0811  1.4 
0.1923  0.6 
0.01003  11.4 
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(c)  Had the reading been 0.5 cc. instead of 0.4 cc., each 30 cc. sample 
would have contained 60  units,  the value of "Q"  would have been 
60/25,000  =  0.0024,  and the diffusion coefficient would have been 
0.2038 X  0.0024 
D  =  =  0.0235 cm3 per day. 
0.0208 
Thus the calculated coefficient D  in the third instance (c) would be 
about 20 per cent lower than in the first instance; in the second in- 
stance, D would be about 34 per cent greater than in the first instance, 
whereas the differences between the diffusion coefficients of any two 
solutions which are essential in drawing conclusions are much greater 
(see Table VI,  Col.  10). 
(d).  Titration of Test Solutions 
As stated earlier in this paper, original test solutions were diluted so that their 
bacteriophage titers were approximately 10  -a cc.  However, for the calculatinn 
of "Q" (amount of phage diffused expressed as a fraction of its original concentra- 
tion in the  test  solutions) a  more  accurate  titration was  necessary.  While a 
simple titration (see  Table II)  was considered adequate for evaluation of the 
phage content of diffusates, this procedure was not deemed accurate enough in 
the case of original test solutions (A to E, Table VI).  On account of a compara- 
tively high concentration of phage in these solutions the titrations had to be per- 
formed in two stages.  In the preliminary step titration was carried out in sex- 
tuplicate by the tenfold serial dilution according to the procedure of  Appelmans  s 
(see Table IV).  To obtain a more accurate value, a  second series of titrations 
with a smaller dilution factor were carried out as illustrated in Table V with  the 
starting point as determined by the preliminary titration (Table IV). 
To  illustrate this  procedure  Test  Solution E  is  used  as  an  example.  The 
preliminary titration (Table IV) indicated Tube 3 as a starting point for the sub- 
sequent titration.  Accordingly six portions of 0.I  cc.  each of Test Solution E 
were placed into six tubes each containing  9.9 cc. of broth.  The contents of tubes 
were thoroughly mixed by repeated aspiration and 1 cc. from each of these tubes 
was further diluted to I0 cc.with broth.  The dilution of the Test Solution E now 
obtained corresponded in phage content to that of the Tube 3 of the Table IV. 
Each of these tubes (a to f) now served as a starting point for titration as shown 
in Table V.  The result of this titration indicated 0.4 X 10 -4 cc. as the average titer 
of the Test Solution E or 25,000 units of phage per cc. (Table VI). 
RESULTS 
The procedure described  above in detail for estimation of the diffu- 
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ing the diffusion rates  of each  of the  test  solutions.  The average 
diffusion rates thus obtained in each case were substituted for D  in 
equation (4) which now could be solved and thus the average radius of 
particles  present  in  each  test  solution  determined  (Table  VI, 
Column 11). 
These figures indicate that the fraction which passes freely through 
7 per cent acetic collodion membrane (Test Solution B) contains par- 
ticles approaching in the average 1.4 m# in radius, whereas the fraction 
retained by the ultrafilter (Test Solution D) consists of particles meas- 
uring in  the average 11.4 m# in radius.  This residual fraction still 
contained a  certain proportion of small  particles, and when it was 
washed repeatedly with water, the particles thus carried through the 
ultrafilter (Test Solution C) measured in the average 0.6m# in radius. 
However, when the residue held by the membrane was suspended in 
ultrafiltered broth the fluid which passed the filter (Test Solution E) 
contained particles with the average radius size of 4.0 m/z  or nearly 
the size of particles present in the original broth filtrate (Test Solution 
A) the radius of which approached the average of 4.4 m/~. 
DISCUSSION 
On the basis of our earlier findings concerning the  distribution of 
bacteriophage during dialysis or as result of ultrafiltration  we have 
suggested that the particles carrying the active agent are not autono- 
mous quanta  of the phage, but represent colloidal particles of the 
medium which  carry  the  active  agent  by  adsorption.  2  Moreover, 
these results suggested that  these particles apparently vary in  size 
within rather broad limits.  The findings reported in this paper sub- 
stantiate this interpretation.  We find that while the average size of 
particles carrying phage in an ordinary lytic broth filtrate approximate 
4.4 m/~ in radius, it is possible to separate by ultrafiltration fractions 
consisting of particles varying in  size from 0.6 m# to  11.4 m~.  Of 
course these figures do not represent the extreme limits of variation in 
the size of particles carrying phage.  Our experience  indicates that 
average size of phage-carrying particles  varies considerably in differ- 
ent batches.*  Moreover, it is evident that by the use of less permeable 
* The average size of phage carrying particles in an ordinary lytic filtrate varies 
from one batch to another depending probably on the degree of disintegration of 560  DETACHMZENT  OF  BACTERIOPHAGE 
membranes, particles of smaller  radius than 0.6 m/~ can be obtained. 
On the other hand, by forcing the suspension  of the residue (test solu- 
tion  I))  with  active  particles  of  11.4  m/~  in  radius  on  the  average 
through membranes more permeable than  those  we have used  (7 per 
cent  acetic acid  collodion),  one may undoubtedly  obtain  a  fraction 
composed of particles of considerably larger dimensions. 
The accuracy of numerical values secured by us in calculating  the 
radius of particles in the different fractions depends of course on the 
validity  of the  procedure  employed by us  in  these  determinations.* 
The formulae used in the calculations hold only for homogeneous sus- 
pensions.  Under the conditions of our experiments the homogeneity of 
different fractions was not ascertained directly.  The presence of par- 
ticles of various sizes in the suspension, would lead to too small values 
for the  diffusion  coefficient, since the  small particles will diffuse out 
first and the quantity of small particles remaining will be less than the 
total number as determined by titration.  This source of error, there- 
fore, would tend  to make  the  calculated  radii  too large.  Since  the 
procedure yielded surprisingly  reproducible results on repetition  the 
suspensions,  if  not  uniform,  were  always  of  nearly  the  same 
composition. 
These  experiments  showed that  in  the  particular  batch  of  crude 
lyric filtrate, the particles which carried lytic properties approximated 
4.4 m# in radius (Table VI, Test Solution A).  When this phage con- 
taining  broth was forced  through  7  per  cent  acetic  collodion,  the 
liquid which passed through the membrane contained active particles 
1.4 m/z in radius on the average.  This ultrafiltrate represented only a 
fraction  of the lyric agent  originally present  in  the broth.  The  re- 
the bacterial  residue after lysis, as well as on the texture  of a particular  filter 
candle.  Thus for example in an earlier series of experiments similar to those we 
are now reporting we have found  the average size of  particles 6 m/z in radius 
with the corresponding fractions of 2.2 m/z and  14 m/z respectively (Bronfenbren- 
her and Hetler, Proc. Soc. Exp. Biol. and Med., 1930, 27~ 263). 
* It is interesting  to note, however, that our figures fall within  the extreme 
values reported by other investigators who used different methods for measuring 
the size of phage particles.  In their calculations only crude unfractionated phage 
was used and results secured by different individuals varied from 5 m/z up to 120 
m/~ as the diameter of the phage particle. 9a0 D.  M. HETLER  AND  J'.  BRONFENBKENNER  561 
mainder of the active substance was retained by the membrane, pre- 
sumably because it was adsorbed on particles of such a magnitude that 
they were unable to pass through  the pores of the membrane.  This 
residue,  however,  was not  composed entirely  of large  particles.  A 
certain number of small particles remained with it caught between the 
larger  ones.  When  the residue was resuspended  in water and  then 
forced through  the  membrane  the  water  which  came  through  con- 
tained these small particles  (Table VI, Test Solution C) which meas- 
ured  on  the  average 0.6 m# in radius.  After thorough washing the 
particles of the residue were suspended in water (Table VI, Test Solu- 
tion D)  and proved to be approximately  11.4 m/z  in  radius.  How- 
ever, when another po#tion of the same washed residue  (radius  11.4 
m/z)  was suspended in broth  (from which  coarser particles  were re- 
moved by preliminary ultraffltration),  and this suspension was forced 
through the same membrane, the particles which now appeared in the 
ultrafiltrate  (Table VI, Test Solution E) measured 4.0 m#. 
Provided,  as we have shown earlier, ~ that  the permeability of the 
membrane  was not  appreciably affected by the  presence  of broth,* 
this finding suggests that some of the active substance was detached 
from the larger particles (11.4 m#) and was carried through  the mem- 
brane adsorbed on the smaller  (4.0 m/z)  colloidal particles present  in 
the  broth. 
CONCLUSIONS 
The active substance  (phage)  present in  the  lytic broth filtrate  is 
distributed fhrough the medium in the form of particles.  These par- 
tides  vary  in  size  within  broad  limits.  The  average  size  of  these 
particles as calculated on the basis of the rate of diffusion approximates 
4.4 m# in radius.  Fractionation  by means of ultrafiltration  permits 
partial  separation of particles of different sizes.  Under conditions of 
experiments here reported the particles varied in the  radius size from 
0.6 m/z to  11.4 m#.  The  active  agent  apparently  is not intimately 
* That the presence of the broth was not responsible for increase in the per- 
meability of the membrane can be concluded also from the fact that in the process 
of preparation of Test Solution B all the particles carrying phage were suspended in 
broth,  and yet the larger particles must have been kept back, since the average 
size of the particles in the ultrafiltrate was found to be only 1.4 m~ in diameter. 562  DETACHMENT OF BACTERIOPHAGE 
identified with  these particles.  It is merely carried  by them by ad- 
sorption, and under suitable experimental conditions it can be detached 
from the larger  particles and redistributed on smaller particles of the 
medium. 
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